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ABSTRACT
The plasmid pRN1 encodes for a multifunctional
replication protein with primase, DNA polymerase
and helicase activity. The minimal region required
for primase activity encompasses amino-acid
residues 40–370. While the N-terminal part of that
minimal region (residues 47–247) folds into the
prim/pol domain and bears the active site, the struc-
ture and function of the C-terminal part (residues
248–370) is unknown. Here we show that the
C-terminal part of the minimal region folds into a
compact domain with six helices and is stabilized
by a disulfide bond. Three helices superimpose
well with the C-terminal domain of the primase of
the bacterial broad host range plasmid RSF1010.
Structure-based site-directed mutagenesis shows
that the C-terminal helix of the helix bundle
domain is required for primase activity although it
is distant to the active site in the crystallized con-
formation. Furthermore, we identified mutants of the
C-terminal domain, which are defective in template
binding, dinucleotide formation and conformation
change prior to DNA extension.
INTRODUCTION
Primases synthesize a short oligonucleotide on
single-stranded DNA. Later on this primer is extended
by DNA polymerases. The action of the primase during
DNA replication is required as replicative DNA polymer-
ases are unable to initiate DNA polymerization de novo.I n
principle, it is not required that primases display any
sequence speciﬁcity. In contrast, it could be beneﬁcial if
primer synthesis is sequence unspeciﬁc. However, many
primases of the bacterial type do exhibit some sequence
speciﬁcity and synthesize primers on templates that have a
short (usually three bases long) recognition motif. For
example the Escherichia coli DnaG protein prefers a
50-CTG-30 to initiate a primer (1), the T7 primase
50-GTC-30 (2) and SP6 primase 50-GCA-30 (3). In
contrast, eukaryotic primases usually do not exhibit such
sequence speciﬁcity.
Structures of the two major types of primase, i.e. the
bacterial type primase DnaG (4,5) and its zinc-binding
domain (6) and of the archaeo-eukaryotic primase (7–9)
have been determined. These structures suggest that the
two proteins families are not evolutionary related to each
other. The bacterial type primases have a catalytic
‘toprim’ domain which is also found in topoisomerases
IA and II (10). In contrast, the heterodimeric primases
of the eukarya and archaea adopt a diﬀerent fold that is
related to the RNA recognition motif (RRM) encompass-
ing four b-strands and two a-helices. Additionally a
further b-strand (ﬂange), which runs perpendicular to
the strands of the RRM, is found in the archaeal
primase structures. Despite the structural discrepancy
between the bacterial and the archaeo-eukaryal
primases, the architecture of the active site with catalytic
aspartic residues is similar suggesting a convergent evolu-
tion of the active site and a common reaction mechanism
of both types of primases.
The reaction mechanism of the primases is considered
to involve two basic steps: The ﬁrst step is the formation
of a dinucleotide between two (cognate) nucleotides
bound to the template DNA while the second step is the
extension of the dinucleotide by a further nucleotide.
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synthesized. Primases diﬀer in the length distribution of
their typical products. Although structures of some
primases have been determined the structure of a
primase template complex has so far escaped structure
elucidation maybe reﬂecting the transient nature of the
primase template complex.
In our group we study the replication of the plasmid
pRN1 of Sulfolobus islandicus. This plasmid encodes an
unusual multifunctional replication protein (8). This
protein termed ORF904 folds into at least three well
characterized distinct domains (Figure 1). An N-terminal
prim/pol domain (amino acids 47–247, pfam09250, RRM
fold), a helicase domain of superfamily 3 (amino acids
408–827, COG3378) and a C-terminal winged helix
DNA-binding domain (amino acids 752–844, pfam03288
and pfam02257). In addition sequence analysis suggests
that the amino acids 417–522 are part of the yet function-
ally uncharacterized domain D5N (pfam08706). This
domain structure of the protein leaves the amino acids
from 248 to 407 unannotated. Nevertheless, it could be
shown that this part of the protein is indispensable for
primase activity (11). Although the prim/pol domain is
capable to extend a primer/template substrate using
dNTPs, this domain alone is unable to prime on
single-stranded DNA.
The primase activity of the protein encompassing the
amino acids 40–370 is particular, since the enzymes
forms a mixed primer with the ﬁrst base of the primer
being strictly an rNTP and the remaining bases are invari-
able dNTPs. In the context of plasmid replication, the
primer synthesis and not the DNA polymerase activity is
probably the physiological function of this part of the
enzyme. During our studies we discovered that in
addition the primase activity of the enzyme is highly
sequence speciﬁc. A primer is only synthesized on tem-
plates containing the triplet GTG (11).
In this report we determined the crystal structure of the
primase including a C-terminal helix bundle domain
(amino acids 256–370) whose presence is essential for the
primase activity of the prim/pol domain. Guided by the
structure we constructed several point mutants and a
deletion mutant and discovered two amino acids which
are critical for catalysis. Based on our results we suggest
a model how the prim/pol domain and the helix bundle
domain interact in order to synthesize a primer.
EXPERIMENTAL PROCEDURES
Materials and reagents
Oligodeoxynucleotides were purchased either
HPLC-puriﬁed from biomers (Ulm, Germany) for
the crystallization or from Metabion (Germany) for the
activity assays. a-
32P labelled deoxyadenosine
50-triphosphate (3000Ci/mmol) and g-
32P adenosine
50-triphosphate (5000Ci/mmol) were obtained from
Hartmann Analytic (Germany).
Cloning, expression and puriﬁcation of the proteins
The deletion mutant of ORF904 comprising the amino
acids 40–370 (primase domain throughout) and the
prim/pol deletion mutant from amino acids 40 to
255 was constructed and expressed with a C-terminal
hexahistidine tag as described previously (11). For the
crystallization the protein was concentrated to about
100mg/ml after the puriﬁcation and applied to a
superose-6 gel ﬁltration column equilibrated with 10mM
HEPES, pH 7.5, 150mM NaCl, 5mM DTT. After gel
ﬁltration, the fractions were pooled and again
concentrated to 100mg/ml.
The point mutations were introduced into the primase
domain by an ampliﬁcation of the plasmid with two
overlapping mutagenic primers and a subsequent diges-
tion of the parental DNA with DpnI. The introduced
point mutations were conﬁrmed by DNA sequencing.
The DNA fragment encoding the peptide from amino
acids 256–370 was PCR ampliﬁed with the primers 50-dCC
CATATGACGGTGGTGGAGTTTGAGGA and 50-dG
CTAGTTATTGCTCAGCGG using the expression
vector of the primase domain as template and cloned
into the expression vector pET28c.
All proteins were expressed in E. coli
Rosetta2(DE3)pLysS (Novagen) at 22 C. Cells from a
1l culture were lysed by sonication and after centrifuga-
tion the supernatants were incubated at 65 C for 15min.
After a second centrifugation, the extracts were loaded
onto 1ml Talon gravity ﬂow columns equilibrated with
25mM sodium phosphate, pH 7.0, 300mM NaCl and
6mM imidazole. After washing the columns with 15ml,
the proteins were eluted with 150mM imidazole in the
same buﬀer. The protein containing fractions were
pooled and concentrated by ultraﬁltration and the buﬀer
was exchanged to 25mM sodium phosphate and 150mM
NaCl. Total yield of puriﬁed protein was about 20mg/l
culture.
Crystallization and data collection
For the crystallization experiments, the primase domain
was mixed with a 1.2–1.5 molar excess of diﬀerent
single-stranded oligonucleotides and diluted to 50mg/ml
with gel ﬁltration buﬀer. Tenmillimolar ATP was
included in some experiments. The crystals were grown
Figure 1. Domain structure of the multifunctional pRN1 replication
protein. The analysis of deletion mutants allowed mapping the activities
to separate regions of the 904 amino-acid long protein. The structure of
the prim/pol domain (amino acids 47–247, light blue rectangle) has
been previously reported. In this communication we analysed the struc-
ture of the primase domain which also encompasses the helix bundle
domain (hbd, green rectangle).
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1–2ml of protein or protein/DNA solution were mixed
with an equal volume of reservoir solution (0.1M Tris–
HCl pH 8.5, 30–35% PEG 4000, 200mM lithium sulphate
and 2mM Tris-2-carboxyethyl-phosphine) and let to
equilibrate against 500ml of this reservoir solution at
20 C. Crystals grew within 1week. For data collection
the crystals were transferred to reservoir solution supple-
mented with 10–15% glycerol and ﬂash-frozen in liquid
nitrogen. Data were collected at 100K using synchrotron
radiation on beamline ID14-H1 at the European
Synchrotron Radiation Facility (ESRF), Grenoble and
processed with MOSFLM (12) and scaled with SCALA
(13). Crystals belong to space group C2, with unit cell
parameters a=125.718, b=46.556, c=77.993,
 =124.612. Data collection statistics are summarized in
Table 1.
Structure determination and reﬁnement
The structure was solved by molecular replacement with
the program AMoRe (14), using the previously solved
residues 40–249 of the prim/pol domain of ORF904
(1RO2). Rotation and translation function calculations
in the range 12.0–4.0A ˚ yielded two independent solutions,
which had, after rigid body ﬁtting in AMoRe, an R-factor
of 0.44 and a correlation coeﬃcient of 0.48. Rigid-body
reﬁnement as well as all the subsequent reﬁnement was
carried out in REFMAC (15). The resulting maps
showed some extra density accounting for the additional
primase domain and were of suﬃcient quality. Model
building was carried out with Coot (16). After several
cycles of positional reﬁnement, B-factor reﬁnement, TLS
reﬁnement and manual building, including placement of
the zinc and sulphate ions and solvent molecules, the re-
ﬁnement converged to an Rcryst of 0.20 and Rfree of 0.25.
The main reﬁnement statistics are listed in Table 1. The
ﬁnal model encompasses residues 40-370 of ORF904,
residues 250–255 were disordered and not visible in the
electron density map. In none of the crystals we
observed nucleic acids or ATP. Figures were generated
with Chimera (17).
Primase assay
The primase assays were performed as described previ-
ously (11). Brieﬂy, in 10ml reactions 0.4mM of protein
was typically incubated with 4mM oligodeoxynucleotide
and 1mM ATP in reaction buﬀer (25mM Tris–HCl pH
7.5, 1mM DTT and 10mM MgCl2). To start the primase
reaction 10mM dNTPs supplemented with 0.6nM [a-
32P]-
dATP were added and the reactions were incubated at
50 C for 10min. The reactions were stopped by adding
gel loading buﬀer (80% formamide, 10mM EDTA,
0.1% xylene cyanol, 0.1% bromphenol blue) and heated
to 95 C for 5min. The reaction products were then loaded
onto 20% denaturing polyacrylamide/urea gels and
analysed using an InstantImager.
DNA polymerase assay
The polymerase activity of the proteins was measured
using a slightly modiﬁed primer extension assay as
described previously (18). A 20-mer primer (50-dCGAAC
CCGTTCTCGGAGCAC) was 50 labelled with [g-
32P]-
ATP and hybridized with a 42-mer template (50-dTTCT
GCACAAAGCGGTTCTGCAGTGCTCCGAGAACG
GGTTCG). In the primase reaction buﬀer 0.4mM protein
were incubated with 5nM of the primer/template and
100mM dNTPs at 50 C for 30min. The reactions were
analysed on denaturing polyacrylamide/urea gels as
described above.
Fluoresence anisotropy measurements
The ﬂuorescence anisotropy measurements to assess the
DNA-binding activity of the proteins were essentially per-
formed as previously described (11). Brieﬂy, in a 120ml
cuvette, 10mM of protein were mixed with 40nM of the
oligonucleotide templateﬂuo (Table 2) which was labelled
with ﬂuorescein at the 30 end, in binding buﬀer (12,5mM
Tris–HCl, pH 8,0, 1mM MgCl2,1 0 mM ZnCl2,5 0 m M
KCl, 0.01% Tween). To calculate the binding constant a
reverse titration was performed, where the concentration
of protein was gradually reduced by replacing 30% of the
measured solution with labelled oligonucleotide in binding
buﬀer at least 10 times. The anisotropy was measured at
Table 1. Summary of the primase domain diﬀraction data and reﬁne-
ment statistics
X-ray diﬀraction data
Space group C2
Cell constants (A ˚ )
a 125.718
b 46.556
c 77.993
  124.612
Resolution (A ˚ )
a 60–1.85 (1.92–1.85)
Rsym (%)
b 9.1 (64.5)
<I/ I>
c 7.7 (1.3)
No. of observations 537575
No. of unique observations 30362
Completeness (%) 95 (78)
Reﬁnement statistics
Resolution (A ˚ ) 50–1.85
R-factor
d 0.2
Rfree
e 0.25
R.m.s.d.
f bond lengths (A ˚ ) 0.017
R.m.s.d. bond angles (A ˚ ) 0.968
Overall B-factor (A ˚ 2) 26.27
jc Angle distribution
g
In core region 260 (91.2)
In allowed region 25 (8.8)
In disallowed region 0 (0)
Number of atoms
Protein 2617
Ions 6
Solvent 176
aHighest resolution of data set with highest resolution bin in
parentheses.
bRsym =
P
h
P
i|<Ih> – Ii(h)|/
P
h
P
iIi(h), where Ii(h) is the mean inten-
sity of the N reﬂection.
cDeﬁned as mean (I)/SD
dR-factor =
P
h |Fo – Fc|/
P
h|Fo|.
eRfree is calculated from 5% of the data which were omitted during the
course of the reﬁnement.
fR.m.s.d. is the root mean square deviation from ideal geometry.
gAs deﬁned by PROCHECK (6), the percentage distribution is given in
parentheses.
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data point was measured three times and the data was
ﬁtted with a single-site binding model yielding the dissoci-
ation constant of the DNA protein equilibrium.
Circular dichroism spectroscopy
Circular dichroism (CD) spectroscopy is a method to
assess the secondary structure of a protein. The proteins
were diluted in 25mM sodium phosphate pH 7.0 to a
concentration of 6mM and the far-UV CD spectra were
recorded on a Jasco J-600 spectropolarimeter (Jasco,
Germany) at 25 C. Data was collected at a scanning
speed of 10nm/min with a bandwidth of 1nm and a
response time of 1s. The light path of the samples was
1mm. The buﬀer baseline was subtracted from the data
points and they were expressed as residual ellipticity (19).
Limited proteolysis
To assess if the structure of the protein N40-C370 changes
upon binding of a DNA substrate a possibly altered sus-
ceptibility to proteolytic cleavage by trypsin was
investigated with limited proteolysis. The protein was
diluted to 10mM in proteolysis buﬀer (25mM Tris–HCl,
pH 7.5, 10mM CaCl2, 10mM MgCl2, 1mM DTT).
Samples were also prepared including 20mM oligonucleo-
tide template1 (Table 2) or oligonucleotide and 1mM
ATP. The protein was incubated with DNA and ATP
for 15min at 50 C. Next, trypsin (sequencing grade,
Roche) was added at w/w ratios (trypsin: N40-C370) of
1:20 to 1:200 and incubated at 37 C for 15min. The
samples were subsequently separated on a 10% SDS gel
and stained with Coomassie Blue.
RESULTS
The amino acids 256- to 370-fold into a novel helix
bundle domain
Our previous results showed that the replication protein
ORF904 encompassing the amino acids 40 through 370 is
fully capable of primer synthesis whereas a shorter
deletion mutant only up to amino acid 339, is incapable
of primer synthesis. Therefore, the part of the protein
from amino acids 40–370 constitutes the minimal
primase active part or the primase domain (Figure 1).
In previous work, we determined the structure of the
prim/pol domain (amino acids 40–255) (18). Given the
functional importance of the amino acids 256–370 we
were interested to determine the structure of the minimal
primase active part. This deletion mutant (amino acids 40–
370) could be well expressed in E. coli, was puriﬁed by
standard procedures and readily crystallized.
The structure of the crystallized protein was solved at
1.85A ˚ resolution by molecular replacement using the pre-
viously solved structure of the prim/pol domain (amino
acids 40–249) as the search model (18). Of the 331
amino acids, 97% could be modelled. Only the amino-acid
residues 250–255 could not be resolved, due to high ﬂexi-
bility and a lack of electron density.
The structure of the prim-pol domain in these crystals
agreed well with the structure reported previously (15).
The bound zinc ion could be identiﬁed, and additionally
a sulphate ion was found to be coordinated by the His141
which is also involved in the coordination of the zinc ion.
In addition to the prim/pol domain, a distinct, smaller
domain was observed that corresponded to a C-terminal
helix bundle domain. These two domains are connected by
a linker, which contains six amino acids that could not be
resolved, indicating ﬂexibility. The C-terminal domain
consists of six a-helices forming a bundle with a noticeably
long helix at the terminus of the protein facing the active
site (Figure 2). The helix bundle domain is stabilized by a
conserved disulﬁde bridge between C284 and C297
(Figure 3).
Remarkably the helix bundle is quite distant from the
active site which is situated in the prim/pol domain.
Therefore, it is unlikely that the helix bundle domain
could directly participate in the primase activity in this
conformation. As already stated above, the C-terminal
32 amino acids of the primase domain (amino acids
339–370) are essential for the primase activity of this
protein, and deletion mutants that were shortened by
these 32 amino acids are not able to synthesize a primer
on single-stranded plasmid DNA or oligonucleotides con-
taining the recognition sequence (18). The crystal structure
shows that 24 of these essential amino acids form a large
Table 3. Overview: activities of the wild type and the mutant
primases
DNA
polymerase
activity
a
DNA
binding
b
Dinucleotide
formation
b
Primase
activity
b
WT + + + ++ + ++ + +
F260A + + + ++ + +
W314A + + (+) (+)
W314F + + ++ +
W314Y + + ++ +
W347A + + + ++ + +
Y352A + + +( + )  
Y352F + ++
Y352H +  
Y352W + +  
W361A + + + ++ + +
Y367A + + ++ + +
H141A     
Del1 + + + +  
a+: active, –: inactive.
b+ + +: fully active, + +:  50% active, +:  10% active, (+): barely
active, –: no activity detectable.
Table 2. Sequences of the primase templates and the ﬂuorescence
anisotropy substrates
template1 50-TTTTTTTTGTGCACTTT
template2 50-TTTTTTTTGTGTTT
templateNTG 50-TTTTTTTTNTGTTT
templateNNG 50-TTTTTTTTNNGTTT
templateNTN 50-TTTTTTTTNTNTTT
templateNNN 50-TTTTTTTTNNNTTT
templateﬂuo 50- TCTTCTGTGCACTCTTC-ﬂuorescein
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folding of the helix bundle domain or is directly involved
in the interaction with the template DNA or the initiating
ribonucleotide during the synthesis of the primer. As the
prim/pol domain and the helix bundle domain are linked
by a ﬂexible linker it is possible that in the crystals the
protein is in an open conformation. Possibly, upon DNA
and nucleotides binding, the conformation of the domains
could be altered into a closed conformation, with the
C-terminal a-helix sliding towards the active site of the
enzyme (see also ‘Discussion’ section and Figure 10). A
similar mechanism has been proposed for the primase of
the bacteriophage T7, which is also divided into two
subdomains that are connected by a ﬂexible linker (20).
We wondered whether we could detect these conform-
ational changes by limited proteolysis. We could
however only see a minor increase of the proteolytic sus-
ceptibility when the primase domain was incubated with
DNA but without initiating ribonucleotide ATP (data not
shown).
To further analyse the interaction between both
domains we expressed the catalytic domain (amino acids
40–255) and the helix bundle domain (amino acids
256–370) separately and asked whether the non-covalently
linked domains would support primase activity. The helix
bundle domain was expressed in high yield without
any proteolytic degradation products suggesting that
the peptide folded. Diﬀerent molar ratios of the two
proteins were used in primase assays with the C-terminal
helix bundle domain in up to 100 times molar excess. In
these experiments the C-terminal helix bundle domain was
unable to complement the primase activity of the prim/pol
domain. These observations are in contrast to the RepB0
protein of RSF1010 (see below) where the helix bundle
domain could restore the activity of the separate primase
domain (21).
A structure similarity search with DALI reveals that the
C-terminal three helices of the helix bundle domain
Figure 3. Structure-based alignment of the helix bundles from the pRN1 replication protein and the RSF1010 primase. Aligned are ﬁve proteins
from the pRN plasmid family (pRN1, pDL10, pRN2, pHEN7 and pSSVx) and seven primases from bacterial plasmids (pRAS3, pTF-FC2, pTC-F14,
pIE1130, pMS260, pDN1 and RSF1010). Above the alignment the secondary structure elements of the helix bundle domain of ORF904 and of a part
of the C-terminal domain of the RSF1010 primase are indicated. The C-terminal three helices of both structures are superimposable. With gray boxes
the conserved aromatic residues which were investigated in this study are highlighted and labelled. The disulﬁde bridge in the pRN helix bundle
domain is indicated with a horizontal bracket above the alignment.
Figure 2. Structure of the primase domain of the replication protein
ORF904. The primase domain consists of two subdomains. The cata-
lytic center with the amino acids D111, E113, H145 and D171 is
situated in a depression of the prim/pol domain (shown in blue
ribbons). The helix bundle domain (shown in green) is connected to
the prim/pol domain by a ﬂexible six amino-acid linker.
Nucleic Acids Research, 2010,Vol.38, No. 19 6711superimpose reasonably well (Z=5.6) with the
C-terminal helix bundle domain of the primase RepB0
from the plasmid RSF1010 which has recently been
determined (21). These substructures align over about 53
residues (amino acids 308–360) with an RMSD of 2.4A ˚ .
The primase of the bacterial broad host range plasmid
RSF1010 consists of an N-terminal domain of the
archeo-eukaryotic primase superfamily and a C-terminal
helix bundle domain. Both domains are separated by a
long helix and a coil region, which would allow conform-
ational changes of the protein. In the crystallized conform-
ation both domains are 29A ˚ apart. The catalytic domain
of the primase could also be crystallized with a DNA
hairpin of an initiation site. However, the crystallization
with the complete initiator sites failed and the reported
structure lacks 13 nucleotides including the primase rec-
ognition site.
Despite the structural similarity of both helix bundles,
the sequences bear no signiﬁcant similarity. To date, it
cannot be said whether these similar structures arose
from convergent or divergent evolution. In favour of a
divergent evolution it should be mentioned that both
proteins have a similar function and that their primase
domains are also structurally similar.
Within the three helices there are six completely
conserved amino-acid positions (Figure 3). Five of the
residues (D308, S310, D313, Y352 and T356 in
ORF904) form a conserved patch at the surface of the
helix bundle domain quite distant to the active site
(Figure 4). The sixth residue G324 is located in the turn
connecting helices 10 and 11. All together this analysis
highlights the importance of the helices 10 and 12. Our
point mutational study performed at selected position
facing the prim/pol domain (see below) further substanti-
ate that this part of the structure is critical for primase
activity.
Is the C-terminal helix important for template
recognition?
The structure of the primase domain points to the import-
ance of the long C-terminal helix of the helix bundle
domain: a deletion mutant devoid of this helix is
inactive (see above) and the C-terminal helix faces the
active site and could interact after a conformational
change more closely with the prim/pol domain. We were
therefore interested in determining the structure of the
primase together in the closed conformation with
template and/or nucleotides. We tested a range of tem-
plates and conditions but were unable to obtain crystals
with bound DNA and or nucleotides. We therefore used
the structure of the primase without ligands as a guide for
mutational analysis of selected residues primarily in the
C-terminal helix of the helix bundle domain. We
focussed on residues which are on the surface of the
subdomain and which are conserved within the pRN1
plasmid family (Figure 3). As we are speciﬁcally interested
in residues which could make sequence-speciﬁc contacts
with the template DNA we selected the residues W314,
W347, Y352, W361 and Y367. The sequence recognized
by this primase is GTG. A systematic study of RNA–
protein complexes (22) pointed out that guanosine is
most frequently contacted by tryptophanes and that
uracil (and in analogy thymine) interacts preferentially
with tyrosine.
The selected amino acids were replaced with alanine
(Figure 5). As controls F260 and H141 were also changed
to alanine. F260 is located at the very N-terminus of the
helix bundle domain and does likely not play a role in the
recognition of DNA or nucleotide, H141 is involved in
the coordination of the zinc ion and replacing this residue
with alanine should abolish enzymatic activity.
In addition, we constructed a deletion mutant
which lacked the six amino acids of the linker
(Lys250–Asp255) which we suggest to be important to
allow movement of the domains relative to each other.
First the DNA-polymerase activity of all mutants was
assessed. For the elongation of a primer bound to DNA
only the amino acids 40–255 of ORF904 are necessary so
this activity should not be impaired by the mutations. All
proteins with the exception of H141A displayed polymer-
ase activity (Figure 6, Table 3) indicating that the point
mutations did not lead to any disruptions of the overall
stability of the proteins and that the mutations in the
helix bundle domain do not aﬀect the catalysis of the
elongation step.
Next, the primase activity of the point mutants was
assessed using a 17-nt oligonucleotide containing the rec-
ognition sequence GTG (template1, Table 1) as a template
and deoxynucleotides supplemented with [a-
32P]-dATP.
This should lead to the formation of an 8-nt long primer
as primer synthesis is initiated 50 of the GTG and the full
length primer is synthesized up to the 50 end of the
template. The proteins F260A, W347A, W361A and
Figure 4. Comparison of helix bundle subdomains in two primases.
Superimposed is the primase domain of the pRN1 replication protein
(prim/pol domain in gray, helix bundle domain in colour) and the three
helices of the RSF1010 primase helical bundle. The ribbons are
coloured according to the residue conservation of the underlying
sequence alignment. The highly conserved residues D308, S310 and
D313 (beginning of helix 10) and Y352 and T356 (center of helix 12)
are shown in ball and stick representation. The view is from the
‘bottom’ of the primase when the active side (not shown) is considered
to be on the ‘top’.
6712 Nucleic Acids Research, 2010,Vol.38, No. 19Y367A were able to synthesize a primer similar to that of
the wild-type protein in this experiment indicating that
these amino acids are neither involved in any speciﬁc inter-
actions with the recognition motif (Figure 6) nor with the
catalysis of the dinucleotide formation. As expected
H141A did not show any primase activity since this
amino-acid exchange should disrupt the zinc stem. The
deletion of the ﬂexible linker (Del1) also led to a loss of
activity. Interestingly the protein still synthesizes a di-
nucleotide but fails to support the extension of the di-
nucleotide to the full-length primer, although the
extension with a preformed primer template is catalysed
by the mutant. This suggests that a step between dinucleo-
tide formation and elongation is impaired in this mutant.
The point mutations W314A and Y352A appear to
severely impair primer formation, for W314A a very
small amount of wild-type like products is visible while
the exchange of Y352 abolishes primase activity complete-
ly. Thus, these two amino acids are functionally important
for faithful primer synthesis. In contrast to the mutant
Del1, there is no signiﬁcant synthesis of the dinucleotide
suggesting that in these mutants either the initial recogni-
tion of the template or the catalysis of the dinucleotide is
impaired.
The above experiments were performed under
saturating template concentrations, since the Michaelis
constant with  200nM (8) is far below the template con-
centration of 4mM. We therefore repeated these experi-
ments at a lower template concentration in order to see
more subtle changes. But even at 100nM template con-
centration the mutants F260A and W367A support a
primer synthesis rate as strong as the wild-type enzyme
(data not shown). Only the mutant W347 shows a
slightly impaired activity similar to the one seen at the
higher template concentration.
Do the point mutants recognize an altered recognition
sequence?
We reasoned that the strict sequence speciﬁcity of the
primase activity should at least be partially contributed
by the helix bundle domain. We therefore tested whether
the mutant proteins now displayed a changed speciﬁcity.
To identify the possibly altered recognition sequence of
the mutant proteins, the point mutants W314A and
Y352A were assessed in a further experiment with single
oligonucleotide template mixes containing all possible
triplet sequences (Table 2). Oligonucleotides were con-
structed based on template2 (Table 2) and the central
GTG was replaced with NTG, NNG, NTN or NNN, N
indicating a random base at this position. The frequency
of each random base was the same and to take the con-
centration diﬀerences of each speciﬁc triplet in the mixes
into account the concentrations of the templates used in
this experiment were adjusted to 2mM per single triplet.
This should ensure that every possible base triplet was
tested and could serve as a template for the synthesis of
a visible primer. A primase assay was conducted using the
template mixes and wild-type protein and the point
mutants W314A and Y352A. The wild-type protein
synthesized comparable amounts of full length primer
and shorter truncated products with all template mixes
indicating that the concentration of oligonucleotides con-
taining the GTG triplet was equal in all samples (Figure 6)
and that the primase domain could faithfully synthesize a
primer even in the presence of a large excess of unspeciﬁc
template. This is in line with our previous ﬁndings that the
speciﬁcity of the pRN1 primase is extraordinarily high
(11). The point mutant W314A that had shown a
markedly decreased primase activity with the native rec-
ognition sequence synthesizes very low amounts of
products with all mixes. The length of these products cor-
responds in all cases well with the wild-type products. It
seems that this mutation leads to a lower aﬃnity for the
recognition sequence or possibly it also lowers the aﬃnity
for the DNA template or the growing primer without
changing the recognized DNA sequence. In contrast,
Y352A is not able to utilize any of the templates and
does not synthesize any primers. This could indicate that
the mutation of Y352 to alanine does not actually lead to
a changed recognition motif but rather that the protein is
unable to synthesize a primer at all.
Figure 5. Position of the aromatic residues investigated in this study.
(A) Sideview: The prim/pol domain is shown in blue and the active site
residues are in stick and ball representation. (B) View from the active
site toward the helix bundle domain with the C-terminal helix 12 in
front. When the aromatic residues in green F260, W347, W361 and
Y367 are changed to alanine the mutant protein retains primase
activity. In contrast, the amino acids W314 and Y352 (shown in red)
do not support primase activity when changed to alanine.
Nucleic Acids Research, 2010,Vol.38, No. 19 6713In order to elucidate the reasons for the failure of these
two mutants to synthesize a primer eﬃciently on all
possible triplets we considered three possibilities. First,
the point mutants could impede the proper folding of
the helix bundle domain, secondly, the point mutants
are not longer able to bind DNA with the recognition
motif GTG, thirdly the mutated amino acids interfere
directly with the dinucleotide formation.
The helix bundle domain should give a strong CD
signal. We therefore compared the CD spectra of the
wild-type primase domain with both point mutants
(Figure 7). The diﬀerences of the CD signals are rather
low. All three proteins have a strong negative signal in the
range of 210–220nm which is typical for a helices. We can
therefore exclude that both point mutants destroy the
helical character of the domain.
Next we determined the DNA-binding aﬃnity of the
wild-type protein and the mutants W314A and Y352A,
which are impaired in primer synthesis (Figure 8). Our
data shows that mutant W314A binds DNA containing
the recognition sequence about 5  weaker and that
Y352A binds nearly as well as the wild-type protein. The
low activity of the mutant W314A can therefore be ex-
plained by its failure to bind to the speciﬁc DNA strong
enough. However, the mutant Y352A binds DNA nearly
as strong as the wild-type but is devoid of primase activity.
This suggests that Y352 while being less important for
initial template binding is crucial in the steps following,
e.g. positioning of the DNA or nucleotides or even directly
involved in dinucleotide formation.
200 210 220 230 240 250 260
-35000
-30000
-25000
-20000
-15000
-10000
-5000
0
5000
Θ
 
[
d
e
g
 
c
m
-
1
d
m
o
l
-
1
]
λ [nm]
Figure 7. CD spectroscopy of the wild-type proteins and the mutants
W314A and Y352A. CD spectra of the wild-type protein (solid),
W314 (broken) and Y352 (points) in 25mM sodium phosphate
buﬀer, pH 7.0.
Figure 6. Primase activity of the point mutants with a template containing the recognition motif and with mixed templates. (A) Primer extension
reaction with 0.4mM protein and 5nM radioactively labelled 20 base long primer hybridized to a 42 base long template in the presence of 100mM
dNTPs. –: no protein added, ORF904: full-length WT protein added. (B) Primase reactions with 0.4mM protein and 4mM template template2
(Table 2) were assembled in the presence of 10mM dNTPs supplemented with [a-
32P]-dATP and 1mM ATP. The wild-type protein synthesizes mainly
an 8-nt long primer, the point mutants F260A, W347A, Y367A and W361A show a comparable activity. The mutant where part of the ﬂexible linker
as been deleted (Del1) is only able to synthesize a dinucleotide. The primase activity of W314A is reduced and Y352A shows no visible primer
formation. (C) As templates oligonucleotides with the sequence 50-ttttttttXXXttt were used (Table 2). The sequence of the triplet marked with X is
given above the lanes. The concentrations of the template mixes were adjusted according to the number of diﬀerent triplets (GTG-2mM, NTG-8mM,
NNG, NTN-32mM und NNN-128mM). The point mutant W314A shows a slight primase activity with all templates. Y352A is not able to synthesize
any products with the templates.
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and Y352 allow primer synthesis
To further characterize the function of the amino acids
W314 and Y352, we constructed proteins with more con-
servative changes of these residues. At position Y352
mutants were constructed with tryptophane, histidine
and phenylalanine in this position, at position W314
mutants with tyrosine and phenylalanine. The point
mutants were ﬁrst used in a primase assay with an
oligonucleotide containing the native recognition
sequence GTG (Table 2, template2). All amino acids
showed an increased activity compared to alanine at the
respective position. Replacing W314 with phenylalanine
or tyrosine leads to a protein with nearly the same level
of activity as the wild-type (Figure 9). When Y352 is
exchanged with phenylalanine the protein retains a very
low activity compared to the wild type, the products
appear to have the same size but the amount synthesized
is considerably smaller. Replacing it with histidine or
tryptophane on the other hand reduces its activity
almost completely; there is only a low amount of dinucleo-
tide synthesized. This suggests that the interaction of Y352
with DNA or nucleotides is very speciﬁc. Only when it is
replaced with the very similar phenylalanine the protein is
still able to form a primer.
Since exchanging the native amino acids with phenyl-
alanine or histidine might inﬂuence the speciﬁcity of the
DNA binding the point mutants were also tested with one
of the templates containing a random mix of all possible
base triplets (Table 2, templateNNN). With this DNA
mixture the activities are similar to the template contain-
ing the GTG recognition sequence. Replacing W314 with
tyrosine or phenylalanine leads to a protein that is active
on this template (Figure 9). For any of the other ex-
changes no primase activity can be observed indicating
that these exchanges do not lead to an altered recognition
sequence. This suggests that the nucleotides of the recog-
nition motif are not speciﬁcally recognized by a single
amino acid of the helix bundle domain. Rather a
number of amino acids possibly from the helix bundle
domain and the catalytic domain provide the suitable
environment for the interaction with the bases of
the DNA.
Figure 9. Exchanging the aromatic residues with conservative amino acids. (A)A4 - mM template containing the recognition motif GTG was used in
primase assays with 0.4mM of protein and 10mM dNTPs with [a-
32P]dATP. Exchanging W314 with phenylalanine or tyrosine leads to a primase
activity comparable to the wild-type. With Y352 only phenylalanine can be exchanged to retain a very slight primase activity, with histidine or
tryptophane the protein is inactive. (B) A template mix was used (50-ttttttttNNNttt) at 2mM which provides all possible base triplets. Again W314F
and W314Y are able to synthesize a wild-type like primer; this amino acid can apparently be replaced by similar ones.
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Figure 8. Fluoresence anisotropy measurements to determine the
DNA-binding aﬃnity. An amount of 40nM of a single-stranded oligo-
nucleotide with recognition motif (templateﬂuo, Table 2) was titrated
with wild-type N40-C370 (circle), Y352A (square) and W314A
(triangle). The data points were ﬁtted to a single-site binding model
and the aﬃnitiy constants determined. Wild-type protein bound the
DNA with a dissociation constant of 740±60nM, Y352A with
1030±80nM and W314A with 3400±240nM.
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To date a number of primase structures of the bacterial
and archaeo-eukaryotic primase families have been solved
but there is still no structure of a binary enzyme–DNA
complex which would allow valuable insights into the
mechanism of primer synthesis by these enzymes.
Since the structure of the primase core domain of the
archaeal replication protein ORF904 had been solved (18)
and the substrate requirements of the enzyme were known
(11) we attempted to obtain the crystal structure of the
minimal functional primase domain complexed with a
DNA substrate. For this, the protein was crystallized in
the presence of a variety of short single-stranded oligo-
nucleotides. All oligonucleotides contained the recogni-
tion sequence GTG and ﬂanking regions of diﬀerent
sequences and lengths (length was 6–17nt in total). We
also tried to co-crystallize the protein with a number of
short primed templates. There was no DNA detectable in
any of the obtained crystals even though a 17-nt
single-stranded DNA template is bound with a reasonably
high aﬃnity [Kd=225nM (11)]. For the bacterial sliding
clamp an aﬃnity constant of 120nM for primed DNA was
reported and this complex could be crystallized (11) so it is
unlikely that the aﬃnity is the sole reason why the
complex failed to crystallize. Most likely, conditions that
favour crystallization disfavour DNA binding.
The X-ray structure of the pRN1 minimal primase
domain was solved and showed that the protein is
divided into two distinct domains. The N-terminal
domain corresponded almost exactly to the previously
crystallized primase core which had been identiﬁed by its
proteolytic stability (18). The C-terminal domain consists
entirely of a-helices and is connected to the N-terminal
part of the protein via about six ﬂexible amino acids
whose positions could not be resolved. Searching for
related structures of the newly resolved C-terminal
domain showed highest similarity to the recently solved
structure of the bacterial primase RepB0 (21). This
protein is encoded by the plasmid RSF1010 and synthe-
sizes the primers for the replication of RSF1010 on one
speciﬁc initiation site on each strand (23,24) The overall
organization of RepB0 resembles that of ORF904.
Remarkably, the protein also consists of two clearly
divided domains and the catalytic domain is separated
from the helix bundle domain by a long helix and a
ﬂexible linker of 14 amino acids. The N-terminal catalytic
domain shows highest similarity to other primases of the
archaeo-eukaryotic primase superfamily (Pyrococcus
furiosus and P. horikoshii primase), which do not have
the observed bipartite organization. Superposition of the
two C-terminal helix bundles shows that helices a10 and
a12 (amino acids 249–361) of ORF904 and a8 and a10 of
RepB0 align very well (Figure 4). This structural similarity
could be due to a common ancestry of both proteins or a
very speciﬁc adaption to their comparable functions as
plasmid replication proteins. There is still very little
known about the replication of pRN1, but the structural
similarities might indicate that it is replicated with an
analogous mechanism to RSF1010. For the replication
of RSF1010 three proteins are necessary that are
encoded by the plasmid, primase RepB0, helicase RepA
and initiator protein RepC (25–27). These functions
could in the case of pRN1 be performed by ORF904,
which has primase and helicase activity (28) and putatively
by ORF80 which is also encoded by pRN1 and has been
shown to bind DNA sequence speciﬁcally (29). The repli-
cation origin of pRN1 is not known, but it is possible that
ORF904 is also able to recognize a speciﬁc initiator region
either through its sequence or secondary structure or both.
The here reported structure of pRN1 primase shows
that the previously identiﬁed active site and the essential
C-terminal helix are relatively far apart, which suggested
that the protein is able to change its conformation to move
these two parts closer together and allow interaction with
the DNA template close to the active site.
We suggest that the template strand is bound by the
pRN1 primase in the same orientation as can be
expected when the hairpin in the RepB0 complex structure
is extended towards the active site. This would place the 30
end of the template DNA towards the right edge to the
catalytic domain when facing the active site with the helix
bundle domain below (Figure 10). In the structure of the
primase of P. horikoshii (7) the nucleotide UTP is present.
We propose that in the pRN1 structure the UTP occupies
the position of the incoming deoxynucleotides (dATP) and
is placed opposite to the second base 50 to the GTG rec-
ognition motif. The initiating ribonucleotide (ATP) is
placed right to the catalytic magnesium ion and is
opposite to the ﬁrst base 50 to the GTG motif. As di-
nucleotide formation requires the C-terminal helix
bundle, we suggest that the helix bundle domain now
moves upward and makes contact with the template and
the nucleotides. In the P. horikoshii structure the 20 OH
group of the UTP has no contact with the protein. It is
possible that the helix bundle domain provides in the close
conformation a gating mechanism and ensures that only a
deoxynucleotide is accommodated as incoming nucleotide
and a ribonucleotide as the ﬁrst base. After dinucleotide
formation, the primer/template has to be repositioned.
Our data (see below) suggest that the ﬂexibility of the
connecting loop is required for this process.
This model of primer synthesis is in line with our ex-
perimental data. We showed that the C-terminal
subdomain is directly involved in interaction with DNA
by exchanging a number of conserved amino acids. These
conserved amino acids are located in the part of ORF904
that is highly similar to the structure of RepB0. Changing
these conserved amino acids to alanine showed a loss of
primase activity for Y352 and a strong decrease for W314
on a template containing the recognition sequence of
ORF904. This indicates that these amino acids do play a
critical role in primer synthesis. We further tried to assess
if these point mutants are able to recognize an altered
triplet sequence using oligonucleotides with all possible
triplets at equal concentrations. In this assay no primer
synthesis pointing to a diﬀerent recognition sequence
could be observed. To rule out that the changed activities
are due to conformational changes resulting from the
point mutations CD spectra were recorded that showed
no signiﬁcant diﬀerences between the wild-type protein
and the point mutants. The fact that W314A has a
6716 Nucleic Acids Research, 2010,Vol.38, No. 19reduced activity to synthesize primers with all used tem-
plates could be explained by its lower aﬃnity for DNA as
measured by ﬂuorescence anisotropy measurements. On
the other hand the highly conserved Y352 seems to be
involved in a step after DNA binding, e.g. this amino
acid could be critical for dinucleotide formation which is
greatly impaired in the mutant Y352A. In contrast, the
mutant Del1 (deletion of the linker) appears to inﬂuence
the step after dinucleotide formation. It is conceivable that
after dinucleotide formation the dinucleotide/template
pair has to move relative to the active site in order to
reposition the 30 end of the dinucleotide in the active site
so that the dinucleotide can be elongated. This is not
observed in the linker deletion mutant suggesting that
the ﬂexibility of the helix bundle domain relative to the
catalytic prim/pol domain could be required for moving
the dinucleotide/template. Therefore, it appears that the
helix bundle domain could participate in three steps
during full-length primer synthesis: initial binding of the
template, formation of the dinucleotide and repositioning
of the dinucleotide/template pair.
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